N-Ethylmaleimide-sensitive factor (NSF) has an important role in fusion processes within intracellular compartments and at the plasma membrane, but the exact role of this protein in the exocytotic machinery has not yet been determined. NSF was found to be present in the cytosol of rat pancreatic β-cells and rat insulinoma INS-1 cells. Capacitance measurements revealed that exocytosis of primed granules was not affected by the presence of a monoclonal antibody against NSF, mAb 2E5, suggesting that NSF is not involved in the fusion process. The antibody markedly decreased rapid refilling of new granules from a reserve pool during a first stimulation. However, slow refilling of primed granules occurred within a 2 min period between the first and second stimulations. We conclude that NSF is required in the exocytotic process in order to obtain a complete exocytotic response. Possible mechanisms by which NSF takes part in this process in insulin-secreting rat β-cells are discussed.
Requirement for N-ethylmaleimide-sensitive factor for exocytosis of insulin-containing secretory granules in pancreatic β-cells

Introduction
The fusion of secretory granules with the plasma membrane depends on the presence of SNARE [soluble Nethylmaleimide-sensitive factor (NSF) attachment protein (SNAP) receptor] proteins ( Figure 1A ). These proteins form a ternary complex that drives the granular and cell membranes to be in close contact with each other, enabling fusion to occur [1, 2] . The cylindrical hexamer NSF, which belongs to the AAA ('ATPases associated with diverse cellular activities') gene family [3] , has been shown to play a major role in the exocytotic process of secretory cells because of its ATPase activity. The protein has two ATP-binding domains, D1 and D2, where D1 is the ATPase involved in the dissociation of the SNARE complex [4] . NSF cannot function without the presence of the adaptor protein α-SNAP, which interacts with NSF and stimulates its ATPase activity [5] . The suggested role of NSF has altered over the years. The first hypothesis [6] suggested that NSF derives the energy needed for fusion from disassembly of the SNARE complex, and thus that NSF has a major function at the stage immediately prior to actual fusion. Later, NSF was proposed to be involved in the priming of the secretory granules [7] . Another hypothesis suggested that dissociation of the SNARE complex by NSF occurs after fusion [8] , and that this allows the individual components of the SNARE complex to be recycled for another round of fusion. The latter would thus imply that the function of NSF could be interpreted as being the final step of one round of fusion or the first event of the next. It has not yet been elucidated how many granules can be released during one round of fusion, but according to a recent study investigating synaptic vesicle exocytosis, enough fusion-competent SNAREs exist to allow fusion of both primed and reserve granules [8] . However, in the absence of NSF there will be an accumulation of the cis-conformation of the SNARE complex at the plasma membrane, instead of the trans-SNAREs required for fusion, and after several rounds this will inhibit exocytosis.
On the basis of capacitance measurements, the insulin granules released can be divided into separate functional pools ( Figure 1B ) [9] . An initial, rapid increase in membrane capacitance, which can be observed at pulse durations of <500 ms, reflects the exocytosis of primed granules. These belong to the readily releasable pool (RRP). A subset of this pool in the proximity of the Ca 2+ channels is defined as the immediately releasable pool (IRP) [10] . Priming is a highly ATP-dependent process, and it has been suggested that NSF plays a major role in the exocytotic machinery of pancreatic β-cells. This was demonstrated using Nethylmaleimide [11, 12] , which blocks NSF activity. During more continuous stimulation, the refilling of granules from a reserve pool can be detected, a process referred to as mobilization. The absence or blockade of NSF function would, using capacitance measurements, be observed as a smaller increase in capacitance when the pool of trans-SNARE complexes is depleted. Here we have used a monoclonal antibody (mAb 2E5) [4] , which binds to the ATP-dependent domains of NSF [13] , to investigate in more detail the kinetic importance of NSF in the exocytotic process of the pancreatic β-cell. We discuss how our results fit with the present biochemical view of NSF.
Methods
Cells and electrophysiology
Rat pancreatic β-cells were isolated and exocytosis was monitored by a combination of the patch-clamp technique and measurements of cell capacitance, as described previously [10] . Whole-cell currents were recorded using an EPC-9 patch-clamp amplifier and Pulse software (Heka Elektronik). Exocytosis was detected as changes in cell capacitance using the lock-in function of the Heka software. Experiments were conducted using the standard whole-cell configuration of the patch-clamp technique. Using this configuration, the interior of the cell is determined by the intracellular solution. Depolarizations, to evoke exocytosis, were applied >2 min after the establishment of the whole-cell configuration to allow the antibody to enter the cell properly. The standard extracellular solution consisted of (in mM) 118 NaCl, 20 tetraethylammonium chloride (to block voltage-gated K + currents), 5.6 KCl, 2.6 CaCl 2 , 1.2 MgCl 2 , 5 glucose and 5 Hepes (pH 7.4, using NaOH). The intracellular solution contained (in mM): 125 caesium glutamate, 10 NaCl, 10 CsCl, 1 MgCl 2 , 0.05 EGTA, 3 MgATP, 10 Hepes (pH 7.15, using CsOH) and 0.1 cAMP. All experiments were carried out at 32-34
• C.
Immunohistochemistry
After culture for 15-24 h on glass coverslips, primary rat β-cells were fixed in 3% (v/v) paraformaldehyde and permeabilized with 0.1% Triton X-100 as described elsewhere [10] . After blocking of non-specific sites for 15 min with 5% (v/v) normal donkey serum, cells were incubated for 2 h in the presence of 1:200-diluted mouse monoclonal anti-NSF antibody (mAb 2E5) and 1:1000-diluted guinea-pig polyclonal anti-insulin antibody (B 65-1; Euro-Diagnostica). Dye (Cy3 and Cy5)-conjugated secondary antibodies raised in the donkey (Jackson Immunoresearch) were used to label identified an ≈80 kDa band, mainly in the cytosolic fraction (C) and to some extent also in the granular fraction (G), whereas almost nothing was found in the plasma membrane fraction (P). Cell homogenate (H) was used as a possible control.
A B the detected sites. Immunofluorescence was excited using a Zeiss LSM510 confocal microscope with a 63× oil objective (Carl Zeiss). The samples were scanned sequentially with the appropriate settings for each label to minimize crosstalk. Non-specific binding of the secondary antibodies was investigated and could be excluded.
Immunoblot analysis
Subcellular fractionation was performed using a cultured insulin-secreting cell line, INS-1, as described previously [14] . For Western blot analysis, plasma membrane, cytosolic and granular fractions, as well as homogenate (10-40 µg/ lane), were loaded on SDS/7.5%-PAGE gels, separated by electrophoresis and blotted on to nitrocellulose membranes (Bio-Rad). Blots were incubated overnight at 4
• C with mAb 2E5 (1:5000), and treated subsequently with horseradish peroxidase-conjugated secondary antibodies (1:50 000; Pierce, Rockford, IL, U.S.A.) for 60 min. SuperSignal R West Pico Chemiluminescent Substrate (Pierce) was used for detection.
The plasma membrane fraction was identified by the presence of Na + /K + -ATPase using Western blot analysis (mouse monoclonal anti-Na + /K + -ATPase antibody a-1, diluted 1:2000; Upstate Biotechnology, Lake Placid, NY, U.S.A.), and the granular fraction was confirmed by measuring the insulin content using a rat insulin ELISA (Mercordia, Uppsala, Sweden).
Results and discussion
Identification of NSF in rat pancreatic β-cells
First we attempted to verify earlier findings that indicated the presence and importance of NSF in insulin-secreting cells [11] . The monoclonal antibody mAb 2E5 [4] was added to single rat β-cells and the results were evaluated by confocal immunofluoresence (Figure 2A) . NSF was confined to the cytosol, and was co-localized with insulin at some spots close to the plasma membrane.
The results from the immunostaining were confirmed by immunoblot analysis. For these studies we used fractionated INS-1 cells, since a large amount of cells is needed. A band of ≈80 kDa, corresponding to the size of NSF, was found mainly in the cytosolic fraction and to a lesser extent also in the granular fraction ( Figure 2B ). The presence of NSF in the cytosol was expected, and its presence in the granular fraction would agree with results indicating that NSF is associated with synaptic vesicles [15] . Alternatively, it may simply be explained by the importance of NSF for transport within the Golgi apparatus (this organelle is most likely to be found in the granular fraction), which in fact was the first place where NSF was described [16] .
NSF is not involved in the fusion step
To evaluate the role of NSF in the exocytotic process of single rat pancreatic β-cells, we combined the patch-clamp technique with capacitance measurements to measure Ca 2+ currents and exocytosis. Voltage-clamp depolarizations from −70 to 0 mV were applied to the cell to open voltagedependent Ca 2+ channels. The influx of Ca 2+ stimulated exocytosis of the insulin-containing secretory granules. The fusion of the granules was measured as an increase in membrane capacitance ( C m ). The experiments were conducted in the presence or absence of monoclonal antibody mAb 2E5 against NSF. Different protocols were used to stimulate different parts of the exocytotic process. Thereby it was possible to obtain an overview as to where NSF has its major function.
First, exocytosis was evoked by application of single depolarizations of increasing pulse duration, from 5 to 850 ms, to the cell ( Figures 3A and 3B ). This protocol allowed us to reconstruct the time course during a single depolarization. During the shorter depolarizations (<450 ms), the presence of the antibody against NSF had no significant effect on the exocytotic response, whereas the increase in membrane capacitance during the 850 ms depolarization was significantly lower in the presence of the antibody compared with the control.
Exocytosis during the early time period ( 450 ms) can be described by the differential equation:
where the initial size of P is equal to the IRP ( Figure 1B) , τ is the time constant of exocytosis and α 0 is the rate of decay of the IRP (for details, see [17] ). Solutions to the equation allow the determination of the initial size of the IRP and the values of τ and α 0 . Fitting the solution to the data points made it possible to estimate the IRP. The size of the IRP obtained in capacitance could then be converted into the number of granules by using the factor 3 fF/granule, derived from taking the size of an insulin granule to be 350 nm in diameter [18] and using a conversion factor between area and capacitance of 9 fF/µm 2 [19] . Using these values, the IRP was calculated to contain 89 ± 13 granules (n = 10) and 60 ± 12 granules (n = 8; not significant compared with control) in the absence and presence respectively of mAb 2E5. Thus, once granules belong to the IRP, NSF is not needed for the actual fusion of the granules.
A second acceleration in the increase in capacitance can be observed at pulse durations longer than 450 ms, and under control conditions this amounted to 190 ± 57 fF/s (n = 10). This rate was significantly reduced in the presence of mAb 2E5, to 20 ± 46 fF/s (n = 8; P < 0.05), suggesting that NSF is involved in refilling of the granules from the reserve pool.
An antibody against NSF blocks the refilling of granules
To investigate further how NSF may influence the refilling of granules, we used another approach in which exocytosis was initiated by a train of ten depolarizations ( Figure 3C ). The total increase in capacitance during the train was 263 ± 33 fF (n = 6) under control conditions, which was reduced to 147 ± 34 fF (n = 7; P < 0.05) in the presence of mAb 2E5. During the first depolarization ( Figure 3D ), the exocytotic response was reduced by 33% in the presence of mAb 2E5 compared with the control. A much more pronounced effect was observed during the other nine pulses (Figure 3E ), where inclusion of the antibody led to an 80% reduction of the evoked capacitance increase. This decrease in the exocytotic response cannot be explained by a lowered Ca 2+ influx, since the antibody affected neither the peak current ( Figure 3F ) nor the charge ( Figure 3G) . A second stimulation applied 2 min after the first train or after the pulse length protocol (results not shown) evoked a similar release pattern, and the increase in capacitance during the first depolarization amounted to 136 ± 25 fF (n = 6) and 100 ± 24 fF (n = 8) in the absence and presence respectively of the antibody. A pronounced decrease (70%) was observed during the latter nine pulses of the second train, which was reduced from 156 ± 42 fF (n = 6) under control conditions to 54 ± 23 fF (n = 8; P < 0.05) in the presence of the antibody.
How can these observations be explained? One might have expected that no exocytosis would occur during a second stimulation if NSF is involved in dissociation of the SNARE complex after one round of fusion. But here we observed that, even in the presence of the antibody, a pool of RRP granules could be built up, within 2 min, between the first and second stimulations. One possible explanation is that NSF speeds up the priming process prior to fusion due to its ATPase activity, as has also been suggested in experiments where α-SNAP was introduced intracellularly into chromaffin cells [20] . This assumption would explain why, although we observed depression during the individual trains, RRP granules were still released upon a second stimulation. This would also agree with earlier results [8] , which suggested that a large enough pool of trans-SNARE complexes exists for exocytosis to proceed even though accumulation of the cis-SNAREs at the plasma membrane occurs due to the presence of the antibody. In the β-cell syntaxin 1A and SNAP-25 co-localize in approx. 400 clusters per cell (J. Vikman and L. Eliasson, unpublished work). If each of these represents a complex in the trans-conformation and is connected to one granule, we would need to apply ten trains (each releasing 30-40 granules, i.e. increasing the membrane capacitance by ≈100 fF) before the pool of trans-complexes is emptied. Another possible explanation for the pattern of the capacitance measurements is that NSF only functions in the disassembly of the SNARE complex after fusion. This assumption suggests that a very limited number granules (≈40) are connected to the plasma membrane via SNARE complexes in the trans-conformation, which somehow can be overcome when there is sufficient time for refilling, even though the ATPase activity of NSF is inhibited by the antibody. The refilling that occurs between the trains might also be explained by incomplete blockade of NSF by the antibody, so that the SNARE complex can still be dissociated, although at a lower rate.
Conclusion
The function of NSF in the exocytotic process is complex. We have attempted to increase our understanding of this matter using a specific antibody against the D1/D2 region of the NSF protein.
More experiments are needed to verify the exact role of NSF, such as suppression of the wild-type using antisense or overexpression of NSF mutants. This would allow more detailed elucidation of the role of NSF in the rapid exocytosis of secretory granules.
